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HIGHLIGHTS 


•  Mesoporous  Mo2N  nanobelts  (NBs)  are  prepared  via  a  template-free  synthesis. 

•  The  Mo2N  NBs  exhibit  a  well-defined  mesoporous  structure. 

•  The  Mo2N  NBs  show  a  one-dimensional  nanostructure. 

•  The  meso-Mo2N  NBs  exhibit  improved  intercalation  properties  of  lithium  ions. 
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The  well-defined  mesoporous  nanostructure  electrodes  have  been  known  to  have  improved  lithium  ion 
reaction  properties  such  as  the  lithium  ion  insertion/desertion  reaction,  cyclability,  and  high  rate  per¬ 
formance.  We  prepared  mesoporous  molybdenum  nitride  nanobelts  via  a  template-free  synthesis  as  an 
anode  for  lithium-ion  batteries.  The  as-prepared  molybdenum  nitride  nanobelts  (meso-Mo2N  NBs) 
exhibited  face-centered  cubic  Mo2N  phase,  well-defined  mesoporous  structure,  and  growth  of  [100] 
direction  with  1 -dimensional  structure.  The  meso-Mo2N  NBs  showed  the  improved  electrochemical 
reaction  properties  of  lithium  ions  such  as  high  specific  capacity  and  high  rate  cycling  performance  due 
to  low  transport  resistance  and  high  lithium  ion  diffusion  coefficient. 

©  2014  Elsevier  B.V.  All  rights  reserved. 


1.  Introduction 

Lithium-ion  batteries  (LIBs)  have  been  intensively  attractive  as 
energy  storage  devices  because  of  their  relatively  high  energy 
density  and  voltage  than  other  energy  storage  devices,  and  room 
temperature  operation.  The  LIBs  consist  of  cathode  materials 
including  feature  such  as  transition  metal  oxide  containing  lithium 
sources,  anode  materials  including  feature  such  as  carbon,  transi¬ 
tion  metal  oxides  and  nitride,  separator  such  as  polyethylene,  and 
electrolyte  1-4  . 

In  particular,  the  electrode  materials  for  LIBs  are  required  high 
electrical  conductivity  and  specific  surface  area,  low  cost,  and  long¬ 
term  electrochemical  stability  [2-4  .  Typically,  for  an  anode  in  LIBs, 
the  carbon-based  materials  have  been  used  as  promising  electrode 
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materials,  but  show  lower  theoretical  capacity  in  LIBs  [5,6  .  As  an 
alternation  electrode  material,  the  ceramic  materials  such  as  tran¬ 
sition  metal  oxide,  nitride,  and  sulfide  have  been  reported  for 
electrode  materials  in  LIBs.  Among,  the  transition  metal  nitrides  are 
well  known  as  lithium  ion  insertion/desertion  material  with  low 
production  cost,  non-toxicity,  very  low  volume  change  during 
lithium  ion  insertion/desertion,  good  structural  stability,  high 
electrical  conductivity,  and  long  cycle  life  in  LIBs  [7—10]. 

In  the  LIBs,  transition  metal  nitride  is  very  intriguing  anode 
materials.  Generally,  the  well-known  conversion  reaction  on  tran¬ 
sition  metal  nitrides  is  as  follows: 

MNX  +  3xLi+  +  3xe“  -»•  M  +  xLi3N  (1 ) 

3M  +  Li3N«(3  -y)M  +  MyN  +  3Li+  +3e“  (2) 

During  first  discharge  reaction  (Eq.  (1)),  the  lithium  ion  is 
bonded  with  nitrogen  of  transition  metal  nitride  (Li3N)  and  the 
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separated  transition  metal  atoms  from  transition  metal  nitride  are 
transformed  to  metallic  structure  (M).  On  the  other  hands,  the 
formed  lithium  nitride  and  metal  during  first  discharge  reaction 
regenerates  transition  metal  nitride,  which  partially  maintains 
lithium  nitride  in  first  charge  reaction  (Eq.  (2)).  In  the  subsequent 
cycles  (Eq.  (2'),  the  conversion  reactions  between  lithium  nitride 
and  transition  metal  nitride  have  reversible  reaction  [11-17].  Thus, 
this  can  explain  that  the  lithium  ion  insertion  reaction  of  transition 
metal  nitride  is  irreversible  during  first  charge/discharge  cycle, 
however,  the  second  and  subsequent  cycles  is  reversible  reaction 
and  more  stable. 

However,  the  bulk  structure  of  almost  transition  metal  nitrides 
appears  low  specific  capacity  and  electrochemical  properties  in  LIBs 
because  of  a  low  specific  surface  area  and  an  unfavorable  diffusion 
distance  of  lithium  in  comparison  with  the  structure-controlled 
nanoparticles  18].  To  increase  the  lithium  ion  reaction  properties, 
there  have  been  many  reports  in  the  literature  by  structure  and/or 
shape  control  of  active  materials,  and  mixed  phase  in  active  ma¬ 
terials  [19-21  .  In  particular,  among  them,  the  mesoporous  nano¬ 
structures  have  major  advantages  such  as  many  lithium  ion 
reaction  site  and  short  diffusion  distance  of  lithium  ion  for  LIBs  due 
to  their  highly  specific  surface  area  and  controlled  pore  and  channel 
in  the  nanometer  range  [22-24].  Unfortunately,  the  conventional 
template  methods  for  synthesis  of  mesoporous  materials  are  not 
simple  because  it  is  synthesized  by  template  such  as  zeolite,  mes¬ 
oporous  silica,  and  polymer  [24,25]. 

In  this  work,  the  mesoporous  molybdenum  nitrides  nanobelts 
with  1 -dimensional  structure  were  investigated  as  an  anodic  ma¬ 
terial  for  LIBs.  Mesoporous  nanostructure  can  be  a  candidate  of  high 
specific  surface  area  with  highly  active  site  for  LIBs  electrodes. 
Furthermore,  the  belt-shaped  nanostructures  are  expected  to 
induce  particular  properties  such  as  rapid  electron  collection  of 
carriers  and  charge  transport  assisted  by  its  1 -dimensional  struc¬ 
ture  in  LIBs  electrodes.  Accordingly,  the  main  objective  of  this  study 
is  to  investigate  the  lithium  ion  insertion/desertion  reaction, 
cyclability,  and  high  rate  performance  of  the  well-defined  meso¬ 
porous  molybdenum  nitride  nanobelts  compared  to  that  of  irreg¬ 
ular  molybdenum  nitride  electrode  in  LIBs.  Herein,  we  suggest  the 
well-defined  mesoporous  molybdenum  nitrides  nanobelts  with  1- 
dimensional  structure  as  anode  materials  for  LIBs.  The  well-defined 
mesoporous  molybdenum  nitrides  nanobelts  were  synthesized  by 
nitridation  process  using  the  molybdenum  oxide  nanobelts.  The 
structural  analysis  of  the  as-prepared  nanostructures  was  charac¬ 
terized  using  field-emission  transmission  electron  microscopy  (FE- 
TEM),  field-emission  scanning  electron  microscopy  (FE-SEM),  and 
X-ray  diffraction  (XRD).  The  specific  surface  area  and  pore  size  of 
the  as-prepared  electrodes  were  analyzed  by  a  nitrogen  sorption 
measurement.  To  evaluate  the  performance  for  LIBs,  the  char¬ 
ge-discharge  and  high  rate  curves,  cyclic  voltammograms  (CVs), 
and  electrochemical  impedance  spectroscopy  of  the  electrodes 
were  measured  using  lithium  coin  cells. 

2.  Experimental 

2.2.  Synthesis  of  mesoporous  molybdenum  nitride  electrodes 

For  molybdenum  oxide  nanobelts  (M0O3)  as  a  precursor, 
ammonium  molybdate  tetrahydrate  (Sigma- Aldrich)  was  dis¬ 
solved  in  5  M  HNO3  with  constant  stirring  at  25  °C  for  1  h  and  then 
reacted  in  autoclave  at  160  °C  for  4  h.  The  resulting  precipitate  was 
washed  several  times  with  distilled  water  and  dried  in  oven  at 
50  °C.  The  molybdenum  oxide  powder  was  heated  at  700  °C  for  6  h 
under  the  NH3  flow  of  100  mL  min-1.  The  product  was  cooled  down 
to  25  °C  in  flowing  NH3,  followed  by  passivation  for  2  h  in  100%  air 
(denoted  as  meso-Mo2N-NBs)  [26].  For  comparison,  typical 


molybdenum  nitride  nanoparticles  (denoted  as  com-Mo2N-NPs) 
were  prepared  by  a  nitrification  process  of  commercial  M0O3 
(Sigma-Aldrich)  by  means  of  heat  treatment  at  700  °C  for  6  h 
under  NH3  atmosphere. 

2.2.  Structural  characterization  of  as-prepared  electrodes 

The  as-prepared  samples  were  characterized  by  field-emission 
TEM  using  a  Tecnai  G2  F30  system  operating  at  300  kV.  The  TEM 
samples  were  prepared  by  placing  a  drop  of  the  nanoparticle  sus¬ 
pension  in  ethanol  on  a  carbon-coated  copper  grid.  SEM  images 
were  obtained  on  a  JEOL  JSM-6360A  microscope  operated  20  kV. 
Structural  analysis  of  the  samples  was  carried  out  by  XRD  method 
using  a  Bruker  AXS  D2  Phaser  X-Ray  Diffractometer  with  a  Cu  Ka 
radiation  source  of  A  =  0.15418  nm  with  a  Ni  filter.  Nitrogen 
adsorption  and  desorption  isotherms  were  measured  at  77  I<  using 
a  Micromeritics  ASAP  2020.  Before  the  adsorption  measurements, 
all  samples  were  outgassed  at  473  I<  for  360  min  in  the  port  of  the 
adsorption  analyzer.  The  starting  relative  pressure  was  0.995  P/P0 
and  ending  relative  pressure  was  0.01  P/P0. 

2.3.  Electrochemical  characterization  of  as-prepared  electrodes 

The  electrodes  were  prepared  by  mixing  80  wt%  M02N  nano¬ 
structure  electrode  as  an  active  material,  10  wt%  ketjen  black  as  a 
conducting  agent,  and  10  wt%  polyvinylidene  fluoride  (PVDF)  as  a 
binder.  To  obtain  the  slurry,  several  drops  of  N-methyl  pyrrolidone 
were  added  into  the  mixture  of  M02N  powder  with  Ketjen  black 
and  PVDF.  The  mixed  slurries  were  cast  onto  a  Cu  foil  current  col¬ 
lector  and  dried  in  air  at  110  °C  for  12  h.  The  electrode  with  an  area 
of  1.32  cm2  was  dried  at  70  °C  vacuum  oven.  The  electrodes  were 
evaluated  with  respect  to  a  lithium  foil  (FMC  Corporation)  counter 
electrode.  The  coin  cells  were  assembled  inside  an  Ar-filled  glove 
box  (<5  ppm,  H2O  and  O2).  The  positive  and  negative  electrodes  of 
the  cells  were  separated  from  one  another  by  a  porous  poly¬ 
propylene  membrane  (Wellcos)  and  an  electrolyte  solution  con¬ 
sisting  of  1.1  M  LiPF6  in  ethylene  carbonate :diethylcarbonate  (1:1) 
solvent  mixture  (Techono  Semichem).  The  electrochemical  prop¬ 
erties  of  the  assembled  cells  were  recorded  with  charge-discharge 
curves  in  a  voltage  window  between  3.0  and  0.01  V  vs.  Li/Li+.  The 
charge-discharge  tests  were  galvanostatically  performed  between 
3.0  and  0.01  V  vs.  Li/Li+  for  20  cycles  at  a  current  density  of 
100  mA  g_1.  The  charge-discharge  tests  were  also  performed  at 
various  current  density  from  100  to  4000  mA  g-1  in  order  to 
evaluate  the  C-rate  capability.  For  electrochemical  impedance 
spectroscopic  measurements,  the  excitation  potential  applied  to 
the  cells  was  5  mV  and  the  frequency  ranged  from  100  kHz  to 
10  mHz.  All  the  electrochemical  measurements  were  carried  out  at 
25  °C.  Furthermore,  The  CVs  of  the  electrodes  were  obtained  at 
0.5  mV  s-1  between  0  and  3  V  vs.  Li/Li+  using  a  potentiostat  (Eco 
Chemie,  AUTOLAB). 

3.  Results  and  discussion 

The  meso-Mo2N-NBs  were  prepared  via  template-free  synthesis 
process,  i.e.  nitrification  process  of  as-prepared  molybdenum  oxide 
nanobelts  as  a  precursor  at  700  °C  under  NH3  atmosphere.  Fig.  1(a) 
and  (b)  shows  SEM  image  of  M0O3  nanoparticles  as  a  precursor 
synthesized  by  hydrothermal  method.  The  M0O3  nanoparticles 
exhibit  a  belt  type  and  single-crystalline  orthorhombic  structure 
grown  into  [110]  direction  (Fig.  1(c)— (f)).  In  particular,  the  FE-SEM 
and  TEM  images  of  the  sample  prepared  using  M0O3  nanobelts 
are  shown  in  Fig.  2.  The  as-prepared  sample  is  a  uniform  meso¬ 
porous  nanostructure  with  belt-type  shape  and  pore  diameter  of 
~4  nm  (inset  of  Fig.  2(c)).  The  average  length  and  width  of  the 


536 


H.-C.  Park  et  al.  /  Journal  of  Power  Sources  269  (2014)  534—541 


Fig.  1.  (a)  FE-SEM  and  (b)  HR-SEM  images  of  the  molybdenum  oxide  nanobelts  as  a  precursor,  (c)  XRD  pattern  of  the  molybdenum  oxide  nanobelts,  (d)  FE-TEM  and  (e)  HR-TEM 
images  of  the  molybdenum  oxide  nanobelts,  (f)  The  fast  Fourier-transform  (FFT)  pattern  corresponding  to  the  TEM  image  of  (e). 


meso-Mo2N-NBs  are  -3.5  pm  and  -550  nm,  respectively.  The  highly 
crystalline  nature  of  meso-Mo2N-NBs  can  be  clearly  observed  in  the 
HR-TEM  image  in  Fig.  2(d),  indicating  one-directional  growth  into 
the  [100]  direction.  The  fringes  with  interplanar  spacing  of  2.09  A 
correspond  to  (200)  facet  of  the  Mo2N  based  on  a  face-centered 
cubic  crystal  structure.  In  particular,  the  inset  of  Fig.  2(d)  shows 
the  fast  the  Fourier  transform  (FFT)  pattern  of  the  meso-Mo2N-NBs, 
which  represents  a  single  crystal  of  the  Mo2N  phase  and  growth  of 
[100]  direction.  In  contrast,  the  com-Mo2N-NPs  synthesized  by  a 
nitrification  process  of  commercial  M0O3  powder  show  an  irregular 
size  and  shape  with  non-homogeneous  pore  distribution  as  shown 
in  Fig.  3.  The  com-Mo2N-NPs  have  interplanar  spacing  of  0.242  nm, 
that  correspond  to  {111}  facets  of  Mo2N  phase.  This  means  that  the 
belt-type  shape  and  one-dimensional  structure  might  be  favorable 
for  a  template-free  synthetic  process  of  a  uniform  mesoporous 
structure. 

In  the  XRD  patterns  of  the  as-prepared  samples  (Fig.  4),  the 
diffraction  peaks  at  37.3°,  43.4°,  63.0°,  75.6°,  and  79.6°  correspond 
to  (111),  (200),  (220),  (311),  and  (222)  planes,  respectively,  indi¬ 
cating  that  the  resulting  products  hold  a  pure  Mo2N  phase  with  unit 
cell  parameter  of  4.165  A  and  space  group  of  Pm-3m.  In  particular, 
the  area  ratio  of  (200)  to  (111)  of  meso-Mo2N-NBs  (0.947)  is  higher 
than  com-Mo2N-NPs  (0.804).  The  diffraction  peak  from  (200)  plane 
for  meso-Mo2N-NBs  is  more  intensified  as  compared  to  that  of 
(200)  for  com-Mo2N-NPs,  suggesting  that  (200)  plane  for  meso- 
Mo2N-NBs  is  dominant,  in  good  agreement  with  the  HR-TEM  result 
in  Fig.  1(d). 

To  characterize  surface  area  and  pore  size  of  the  as-prepared 
Mo2N  samples,  the  Brunauer-Emmett-Teller  (BET)  curves  were 
obtained  using  the  com-Mo2N-NPs  and  meso-Mo2N-NBs  as  shown 
in  Fig.  5.  The  com-Mo2N-NPs  exhibit  an  irregular  pore  structure  and 


low  specific  surface  area  of  -11.6  m2  g-1  in  comparison  with  the 
meso-Mo2N-NBs  (Fig.  5(a)  and  (b)).  The  hysteresis  loop  of  com- 
Mo2N-NPs  is  a  type  II  curve  that  means  a  non-porous  solid  struc¬ 
ture.  The  com-Mo2N-NPs  exhibit  the  separated  adsorption/ 
desorption  region  at  0.6  to  1.0  of  relative  pressure  due  to  the  for¬ 
mation  of  secondary  pores  through  the  gaps  between  particles.  On 
the  other  hand,  the  hysteresis  loop  of  meso-Mo2N-NBs  appears  a 
type  IV  curve  that  means  mesoporous  structure  [27].  The  BET  sur¬ 
face  area  and  average  pore  size  of  the  meso-Mo2N-NBs  are 
-42  m2  g^1  and  -4  nm,  respectively  (Fig.  5(c)  and  (d)).  The  surface 
area  of  the  meso-Mo2N-NBs  is  relatively  higher  compared  to  pre¬ 
vious  reports  on  Mo2N  28]. 

In  particular,  the  formation  of  the  meso-Mo2N-NBs  might  be 
related  to  atomic  substitution,  condensation,  and  belt-shape 
structure  in  nitrification  process.  As  depicted  in  Fig.  6,  the  meso¬ 
porous  molybdenum  nitrides  can  be  formed  via  a  topotactic  reac¬ 
tion  using  M0O3  nanobelts  in  NH3.  The  topotactic  reaction  is 
defined  to  occur  when  a  solid  product  has  well-defined  crystallo- 
graphical  orientation  relative  to  a  starting  material.  During  the 
present  nitridation  process,  the  increased  oxygen  vacancies  in  the 
molybdenum  nitride  might  lead  to  the  rearrangement  of  the  oxide 
structure,  producing  a  well-defined  mesoporous  structure  by 
forming  pores  in  the  framework  of  the  molybdenum  nitride  18,29]. 
It  is  expected  that  the  meso-Mo2N-NBs  having  high  specific  surface 
area  and  well-defined  pore  can  exhibit  a  high  specific  capacity  for 
lithium  ion  insertion/desertion  reaction  and  high  rate  performance 
compared  to  the  com-Mo2N-NPs. 

Electrochemical  properties  of  the  samples  were  characterized 
using  coin-type  half  cells  with  Li  metal  as  an  anode.  Fig.  7(a)  and  (b) 
shows  1st  charge-discharge  curves  of  the  com-Mo2N-NPs  and 
meso-Mo2N-NBs  at  a  current  density  of  100  mA  g-1  between  the 
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Fig.  2.  (a)  FE-SEM,  (b)  HR-SEM,  (c)  FE-TEM,  and  (d)  HR-TEM  images  of  meso-Mo2N-NBs.  The  insets  in  (c)  and  (d)  indicate  HR-TEM  image  and  the  FFT  pattern  of  meso-Mo2N-NBs, 
respectively. 


Fig.  3.  FE-TEM  ((a),(b))  and  HR-TEM  ((c))  images  of  com-Mo2N-NPs  synthesized  by  a  nitrification  process  of  commercial  Mo03. 
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Fig.  4.  XRD  patterns  of  (a)  com-Mo2N-NPs  and  (b)  meso-Mo2N-NBs. 
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Fig.  5.  Nitrogen  gas  adsorption-desorption  isotherms  and  pore  size  distributions  of  com-Mo2N-NPs  ((a),(b))  and  meso-Mo2N-NBs  ((c), (d)). 


voltage  limits  of  0.01-3.0  V  vs.  Li/Li+,  respectively.  The  1st 
discharge  capacities  of  the  com-Mo2N-NPs  and  meso-Mo2N-NBs 
are  670  and  862  mAh  g-1,  respectively.  To  investigate  cycling  per¬ 
formance  and  Coulombic  efficiency  of  the  electrodes,  the  dis¬ 
charge-charge  curves  were  obtained  at  a  constant  current  density 
of  100  mA  g-1  for  20  cycles.  As  indicated  in  Fig.  8,  the  meso-Mc>2N- 
NBs  display  much  improved  cell  performance  with  high  reversible 
specific  capacity  and  improved  Coulombic  efficiency  in  comparison 
with  the  com-Mo2N-NPs.  Furthermore,  to  evaluate  and  compare 
high  rate  performance  of  the  electrodes,  the  discharge  rate 
increased  stepwise  from  100  to  4000  mA  g_1  as  shown  in  Fig.  9(a) 
and  (b).  With  increasing  discharge  rate,  the  specific  discharge  ca¬ 
pacities  of  lithium  ion  of  the  meso-Mo2N-NBs  in  all  the  range  are 


higher  than  those  of  the  com-Mo2N-NPs.  The  specific  discharge 
capacity  ratios  of  meso-Mo2N-NBs  to  com-Mo2N-NPs  are  1.17  at 
100  mA  g-1;  1.35  at  200  mA  g_1;  1.53  at  400  mA  g_1;  1.81  at 
1000  mA  g-1 ;  2.26  at  2000  mA  g_1 ;  2.97  at  4000  mA  g-1.  Especially, 
on  the  basis  of  the  capacity  at  100  mA  g-1,  the  relative  reduction 
ratio  of  discharge  capacity  of  the  meso-Mo2N-NBs  at  4000  mA  g-1 
(50.9%)  is  much  smaller  than  that  of  the  com-Mo2N-NPs  (80.7%). 
The  improved  specific  discharge  capacity  and  high  rate  perfor¬ 
mance  for  the  meso-Mo2N-NBs  might  be  mainly  attributed  to 
facilitating  lithium  ion  insertion  in  the  mesoporous  belt-type 
nanostructure. 

To  identify  electrochemical  properties  of  the  electrodes,  CVs 
were  obtained  as  shown  in  Fig.  10(a)  and  (b).  In  the  1st  discharge 


a  Mo  ®  O  N  Vacancy 


Fig.  6.  Schematic  illustration  of  meso-Mo2N-NBs  formed  via  a  topotactic  reaction  using  M0O3  nanobelts  as  a  precursor  in  NH3  atmosphere. 


H.-C.  Park  et  al.  /  Journal  of  Power  Sources  269  (2014)  534—541 


539 


Fig.  7.  Charge-discharge  profiles  of  (a)  com-Mo2N-NPs  and  (b)  meso-Mo2N-NBs  at  a  current  density  of  100  mA  g  1  in  the  potential  range  of  0.01-3.0  V  vs.  Li/Li 
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Fig.  8.  (a)  Specific  discharge  capacity  and  (b)  Coulombic  efficiency  versus  cycle  number  for  the  meso-Mo2N-NBs  and  com-Mo2N-NPs  at  a  constant  current  density  of  100  mA  g 


curves,  the  as-prepared  electrodes  exhibit  irreversible  reactions 
due  to  the  formation  of  solid  electrolyte  interface  layer  and  Li3N 
phase  (Eq.  (3))  [13,15,30].  In  the  reaction  of  Eq.  (4),  electrons  are 
mainly  located  on  the  metallic  molybdenum,  while  Li-ions  are 
inserted  on  Li3N  as  an  ionic  conducting  material,  resulting  in  a 
charge  separation  [11-17,31].  The  mechanism  of  lithium  ion 
insertion  and  desertion  in  molybdenum  nitrides  can  be  suggested 
as  follows: 

Mo2N  +  3Li+  +  3e“  ->2Mo  +  Li3N  (1st  discharge)  (3) 

2Mo  +  Li3N~xMo  +  Mo(2_x)N  +  3Li+ 

+  3e_  (1st  charge  and  subsequent  cycles)  (4) 

In  the  CVs  for  the  as-prepared  electrodes,  the  peaks  corre¬ 
sponding  to  the  oxidation  of  Mo  to  Mo2N  appear  at  ~1.5  V  in  the  1st 
and  2nd  charge  curves.  The  peaks  at  -1.5  and  -2.5  V  are  attributed 


to  reduction  and  oxidation  of  the  Li3N,  respectively,  according  to  Eq. 

(4)  [12,15,31,32  .  Fig.  10(c)  shows  Nyquist  plots  of  meso-Mo2N-NBs 
and  com-Mo2N-NPs  between  100  kHz  and  10  mHz.  The  value  of  the 
diameter  of  the  semicircle  on  the  Zreai  axis  is  related  to  the  charge 
transfer  resistance  (Rct).  The  values  of  Rct  of  meso-Mo2N-NBs  and 
com-Mo2N-NPs  are  85.62  and  165.21  Q,  respectively,  representing 
much  improved  charge  transport  for  the  meso-Mo2N-NBs.  As 
indicated  in  Fig.  10(d),  using  the  relationship  between  ZRe  and 
square  root  of  frequency  (w-1/2)  in  the  low  frequency  range  (Eq. 

(5) ),  the  Warburg  impedance  coefficients  (aw)  of  meso-Mo2N-NBs 
and  com-Mo2N-NPs  are  determined  to  be  30.90  and 
127.11  Q  cm2  s-1/2,  respectively. 

Zr0  =  Re  +  Rct  +  ^2  (5) 

D  =  R2T2/2A2n4F4C2c4  (6) 
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Fig.  9.  Variation  in  discharge  capacities  versus  cycle  numbers  for  (a)  com-Mo2N-NPs  and  (b)  meso-Mo2N-NBs  at  different  current  rates  between  0.01  and  3.0  V  vs.  Li/Li+. 
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(c)  (d) 


Fig.  10.  CV  plots  of  (a)  com-Mo2N-NPs  and  (b)  meso-Mo2N-NBs  between  0  and  3.0  V  versus  Li/Li+.  (c)  Nyquist  plots  of  the  samples  in  the  frequency  ranged  between  100  kHz  and 
0.01  Hz.  (d)  Relationship  between  ZRe  and  w_1/2  in  the  low  frequency  range. 


From  the  Eq.  (6),  the  Li-ion  diffusion  coefficients  of  meso-Mo2N- 
NBs  and  com-Mo2N-NPs  can  be  obtained  to  be  2.22  x  1CT15  and 
0.23  x  1(T15  cm2  s-1,  respectively,  exhibiting  much  faster  Li-ion 
diffusion  process  for  the  meso-Mo2N-NBs.  As  a  result,  the 
improved  lithium-ion  reaction  properties  of  the  meso-Mo2N-NBs, 
i.e.  high  specific  capacity  and  excellent  rate  cycling  performance 
may  be  attributed  to  low  transport  resistance,  high  diffusion  coef¬ 
ficient,  and  short  diffusion  length  of  lithium  ion  in  the  mesoporous 
belt-type  nanostructure  electrode  [33-35]. 

4.  Conclusions 

In  summary,  we  demonstrated  the  mesoporous  molybdenum 
nitride  nanobelts  with  ~4  nm  in  an  average  pore  size  and 
~42  m2  g-1  in  a  specific  surface  area  synthesized  via  a  topotactic 
reaction  by  nitrification  process  under  NH3  atmosphere.  The  as- 
prepared  meso-Mo2N  NBs  showed  a  well-defined  mesoporous 
belt-type  nanostructure  grown  into  [100]  direction.  The  improved 
electrochemical  reaction  properties  of  lithium  ion  such  as  high 
specific  capacity  and  excellent  rate  cycling  performance  in  meso- 
M02N  NBs  might  be  attributed  to  low  transport  resistance  and  high 
diffusion  coefficient  for  lithium  ions  in  comparison  with  the  com- 
M02N-NPS.  Thus,  by  combining  electrochemical  data  and  structural 
analysis,  it  is  concluded  that  the  meso-Mo2N  NBs  can  be  a  prom¬ 
ising  anode  candidate  for  LIBs. 
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